NPS-62KO7703IA 



LIBRARY 

TECHNICAL REPORT SECTION 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY, CALIFORNIA 



NAVAL POSTGRADUATE SCHOOL 

Monterey, California 





Approved for public release; distribution unlimited. 

Prepared for: Naval Electronics Laboratorv Center 

Microwave Technology Branch - Code 2330 
San Diego, CA 



FEDDOCS 
D 208.14/2: 
NPS-62KO77031A 



NAVAL POSTGRADUATE SCHOOL 
Monterey, California 



Rear Admiral Isham Linder Jack R. Bor sting 

Superintendent Provost 

The work reported herein was supported by the Microwave 
Technology Branch (Code 2330) , Naval Electronics Laboratory 
Center, San Diego, California. 

Reproduction of all or part of this report is authorized. 

This report was prepared by: 



UNCLASSIFIED 



SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered) 



REPORT DOCUMENTATION PAGE 


READ INSTRUCTIONS 
BEFORE COMPLETING FORM 


1. REPORT NUMBER 

NPS-62KO77031A 


2. GOVT ACCESSION NO. 


3. RECIPIENT’S CATALOG NUMBER 


4. TITLE (and Subtitle) 

DIELECTRIC LOADED FINNED WAVEGUIDE 
STUDY 


S. TYPE; OF REPORT 4 PERIOD COVERED 

Final Report 
1 Jan 77 - 31 Mar 77 


6. PERFORMING ORG. REPORT NUMBER 


7. AUTHORf.J 

Jeffrey B. Knorr 


8. CONTRACT OR GRANT NUMBER^*) 


9. PERFORMING ORGANIZATION NAME AND ADDRESS 

Naval Postgraduate School 
Monterey, California 93940 


10. PROGRAM ELEMENT. PROJECT, TASK 
AREA & WORK UNIT NUMBERS 


1 1. CONTROLLING OFFICE NAME AND ADDRESS 

Naval Electronics Laboratory Center 
Microwave Technology Branch, Code 2330 
San Diego , CA 


12. REPORT DATE 

March 1977 


13. NUMBER OF PAGES 


14. MONITORING AGENCY NAME & ADDRESS^/ different from Controlling Office) 


15. SECURITY CLASS, (ot thta report) 

Unclassified 



15*. DECLASSI FI CATION/ DOWNGRADING 
SCHEDULE 



16. DISTRIBUTION STATEMENT (ot this Report) 

Approved for public release; distribution unlimited. 



17. DISTRIBUTION STATEMENT (of the abatract entered in Block 20, if different from Report) 



18. SUPPLEMENTARY NOTES 



19. KEY WORDS (Continue on reverse aide if neceeaary and identify by biock number) 

Shielded slotline Ridged Waveguide 

Microslotline Inhomogeneous Waveguide 

Fin Line 



20. ABSTRACT (Continue on reverse aide if neceeaary and identify by block number) 

This report presents an analysis of rectangular waveguide 
with centered, zero thickness ridges (fins) backed by a di- 
electric substrate. Design curves are given for the 26.5-40 GHz 
and 40-60 GHz waveguide bands for the case where the dielectric 
has a thickness of 5 mils and e =2.2. 



DD t JAN *73 1473 EDITION OF t NOV 65 IS OBSOLETE 2 UNCLASSIFIED 

S/N 0102-014- 6601 | 

SECURITY CLASSIFICATION OF THIS PAGE CBTi.n Data Bntarad) 



LIST OF FIGURES 



Figure 1. 
Figure 2. 
Figure 3. 
Figure 4. 

Figure 5. 

Figure 6 . 
Figure 7. 

Figure 8. 

Figure 9. 



Rectangular waveguide loaded with zero thickness 
ridges backed by a dielectric slab. 

Wavelength ratio A'/X vs normalized frequency D/A 
for slotline with = 2.2. 

Characteristic Impedance Z q vs normalized frequency 
D/A for slotline with = 2.2. 

Cutoff wavelength A / a vs. slot width W/b for a 
rectangular waveguide with a centered, zero thick- 
ness ridge and b/a = 0.5. 

High frequency limit of voltage-power impedance 
Z Qm vs normalized slot width W/b for a rectangular 
waveguide with a centered, zero thickness ridge and 
b/a = 0.5. 

Dielectric slab loaded rectangular waveguide. 
Wavelength ratio A'/A vs freauency for a K band 

» 3 . 

(26.5 - 40 GHz) waveguide loaded with a dielectric 
slab having = 2.2, d^ = a/2, a = .280 inches. 

Wavelength ratio \'/\ vs frequency for a U band 
(40-60 GHz) waveguide loaded with a dielectric slab 
having e r = 2.2, d^ = a/2, a = .188 inches. 

Characteristic impedance Z q and wavelength ratio 
\’/X vs normalized frequency D/A for a shielded 
slotline with b/D = 11, a/D =17 e r = 20, slab 
centered in shield. 



3 



Figure 10. 



Figure 11. 



Figure 12. 



Figure 13. 



Figure 14. 



Figure 15. 



Figure 16. 



Effective dielectric constant vs. normalized slot 
width W/D for a slot line with £ r = 2.2. 

Normalized wavelength X'/X vs normalized frequency 

D/X for shielded slotline and fin line with a = .280 

inches, b = .140 inches, D = .010 inches, W = .018 

inches, e = 2.2. 
r 

Normalized wavelength X'/X vs normalized frequency 

D/X for shielded slotline with a/D = 17, b/D = 11, 

e =20. 
r 

Normalized wavelength X'/X vs frequency for K band 

3 . 

shielded slotline with a = .280 inches, b = .140 
inches, D = .005 inches, e r = 2.2. 

Normalized wavelength X'/X vs frequency for U band 

shielded slotline with a = .188 inches, b = .094 

inches, D = .005 inches, e = 2.2. 

r 

Normalized wavelength X'/X vs normalized slot width 
W/b for K band fin line. 

3. 

Normalized wavelength X * /X vs normalized slot width 
W/b for U band fin line. 



Figure 17. 



Normalized wavelength X'/X vs frequency for K band 

3 

fin line with D. = .005 inches. 



Figure 18. 



Normalized wavelength X'/X vs frequency for U band 
fin line with D = .005 inches. 



Figure 19. Impedance vs normalized frequency 2-rra/X for a slab 
loaded rectangular waveguide. = 2.2, slab 

centered (from ref. [6]). 



4 



Figure 20. Characteristic Impedance Z Qv vs frequency for open 
boundary slotline, shielded slotline and ridged 
waveguide . 

Figure 21. Characteristic impedance vs frequency for slotline 



Figure 22. 



and ridged waveguide in K band. 

3 . 

Characteristic impedance vs frequency for K band 

3 

ridged waveguide. 



Figure 23. Characteristic impedance vs frequency for U band 
ridged waveguide. 



5 



LIST OF TABLES 



Table 1 



Table 2 



Table 3 



Parameters for calculation of K band fin line 

a 

wavelength (a = .280 inches, b = .140 inches, 

D = .005 inches, £ r = 2.2). 

Parameters for calculation of U band fin line wave- 
length (a = .188 inches, b = .094 inches, D = .005 

inches , £ = 2.2). 

r 

Parameters for calculation of K band and U band 

a 

ridged waveguide impedance (b/a = .5). 



6 



TABLE OF CONTENTS 



Abstract 

List of Figures 

List of Tables 

1.0 Introduction 

2.0 Related Work 

2.1 Unshielded Slotline 

2.2 Ridged Rectangular Waveguide 

2.3 Dielectric Slab Loaded Rectangular Waveguide 

2.4 Fin Line 

2.5 Shielded Slotline 

3.0 Fin Line Wavelength 

4.0 Fin Line Characteristic Impedance 

5.0 Conclusions 

Appendix A 
References 

Distribution List 



7 



1.0 Introduction 



Over the years, many different types of waveguiding 
structures have been proposed for various uses at microwave 
and millimeter wave frequencies. One of these structures, the 
rectangular waveguide loaded with fins and a dielectric slab 
has recently been proposed for use in building millimeter wave 
integrated circuits [1] . The attributes of this structure and 
some experimental results have been presented in ref. [1] . The 
structure is shown in Figure 1. 

At millimeter wave frequencies, Rogers Duroid 5880 
(e = 2.2) has been found to be a particularly attractive 
dielectric. The purpose of this report is to present a theo- 
retical analysis of the above described waveguide structure 
and to present design curves for such structures when loaded 
with 5 mil thickness Duroid in the 26.5-40 GHz and 40-60 GHz 
bands . 



2.0 Related Work 

The structure shown in Figure 1 is interesting in that it 
may be viewed in various ways depending upon the value of W/b, 
the ratio of slot width to waveguide height. For small values 
of W/b and W/D the structure may be appropriately viewed as 
a slotline with a rectangular shield. For values of W/b -> 1 
the structure is more easily viewed as a ridged waveguide 
loaded with dielectric. Finally, for W/b = 1, we have a 
dielectric slab loaded waveguide. Each of these substructures 
has been studied previously. Since the analysis of the structure 
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shown in Figure 1 is based upon the studies of these substructures 
these related investigations will be reviewed briefly. 

2.1 Unshielded Slotline 

Unshielded slotline has been studied by Cohn [2] and by Knorr 
and Kuchler [3]. The analysis presented in reference [3] allows 
the wavelength and characteristic impedance to be determined for 
both single and coupled slots. The solutions are found by 
applying the method of moments in the transform domain where 
the Fourier transform of the slot field is expanded in a set of 
basis functions. It is found that for narrow slots, a one term 
expansion of E is usually adequate. Computer time increases 
rapidly if multi-term expansions are required as would be the 
case for wide slots. 

The computer program described in ref. [3] was used to 
produce the curves shown in Figures 2 and 3. The impedance 
shown in Figure 3 is defined by the relation 



2p avg 



where 

/ E x dx p avg = * R e ffi x »* * *z da * 

lot (2) 

A curious feature of these curves is the crossovers observed 
for different values of W/D. This will be commented upon further 
in section 4.0, Fin Line Impedance. 
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2.2 Ridged Waveguide 

The design of ridged waveguide has been treated by Hopfer 
[4]. Of particular interest in this study is the curve of 
cutoff wavelength for a waveguide with b/a = .5 and a centered, 
zero thickness ridge. This information is presented in Figure 4. 
With this information one may calculate the normalized wavelength 
ratio for 0 <_ w/b < 1 as 

A' = 1 (3) 

x Cl - 

c 

where X is the free space wavelength and X is found from 
Figure 4. The ridged waveguide corresponds to the structure of 
interest in this study (Figure 1. ) except for the absence of the 
dielectric slab. 



Lagerlof has also studied ridged waveguide and has presented 
design curves [5] valid for a wide range of parameters subject 
to a zero thickness ridge restriction. The curves presented 
in [5] allow the high frequency limit impedance, Z qvoo , defined 
on a voltage-power basis to be found. Figure 5 shows a plot of 

Z ov® vs f° r t * ie case b/a = 0.5 as determined from Lagerlof 's 

curves. Having found Z qvoo for the correct value of 0 < W/b < 1 
one calculates the impedance at any frequency as 



Z 

ov 




(4) 



Again, this corresponds to the structure of interest in this study 
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except for the absence of the dielectric substrate. Ridged 
waveguide is therefore a substructure of fin line which results 
when D = 0 . 

2.3 Slab Loaded Waveguide 

For the case of w/b = 1, the structure of Figure 1. becomes 
another fin line substructure, the dielectric slab loaded 
rectangular waveguide. The dielectric slab loaded rectangular 
waveguide has been studied in considerable detail by Vartanian, 
et al . [6]. This paper presents a wide range of information 

of general interest which will be referred to again in section 
4.0. Since Vartanian gives results only for e r = 2.5, 9.0 and 
16.0 the results presented here were obtained using the transverse 
resonance procedure [7] which is found by writing the field 
equations for an exact solution of the problem, applying boundary 
conditions at the air-dielectric interfaces and thereby obtaining 
the determinantal equation for the system. With reference to 
Figure 6, the wavelength ratio is found by determining that 
value which satisfies 




o 



(5) 



where 



= - hCOT (hD + 0) 



(6a) 



B 



r 



- £C0T (£d ) 



(6b) 



2 



0 



TAN -1 (^ TAN td i ) 



(6c) 




(6d) 




(6e) 
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Equation (5) was solved numerically by searching iteratively 
for the value of X'/X satisfying equation (5). The results 
are presented in Figures 7. and 8. The machine used for these 
calculations was a Wang 500 and the program is given in Appendix 
A. The wavelength ratios were determined to within .005 which 
gives an accuracy better than %% in all cases. 

The admittance formulation, equation (5) , was used rather 
than the impedance formulation to achieve numerical stability. 

For the position and thickness of the slab which is of interest 
here, the susceptances are small and goes smoothly 

through zero. The impedance formulation + X r = 0 results 
in taking the difference between two very large quantities with 
a resultant violent and unreliable fluctuation through zero in 
the neighborhood of the correct X'/X. 

2 . 4 Fin Line 

Fin line has been investigated by Meier [1]. One difference 
between the structure used by Meier and that shown in Figure 1. 
is the use of r.f. choking vice direct electrical contact 
between the shield and the fins. Meier's work was primarily 
experimental in nature. He showed that the expression 



provided a good fit (+ 2%) to K band experimental data. The 
effective dielectric constant, k c , was determined by measurement 
at any one frequency and A c is the cutoff wavelength of ridged 



1 



(7) 
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mm 10 x to 10 m centimeter as bom-go 




waveguide (no dielectric) as found from Figure 4. 



Meier made no impedance measurements . 

2.5 Shielded Slotline 

Shielded slotline has been analyzed by Kuchler [8] using 
a technique similar to that described in [3]. Solutions are 
obtained by computer as in [3]. Some results obtained using 
the computer program described in [8] are shown in Figure 8. 
Also shown are results for an unshielded slotline as obtained 
using the program described in reference [3]. The significant 
feature is that at higher frequencies where the wave is tightly 
bound to the slot and where there is little interaction with 
the shield the results for the shielded line converge to those 
for the unshielded line. It is also to be noted that both 
wavelength and characteristic impedance are increased by the 
presence of the shield. 

Ideally, it should have been possible to obtain the 
characteristics of the structure shown in Figure 1 for small 
values of W/b and W/D using the method of [8]. However, the 
computer program generated overflows and errors for the range 
of parameters ( £ r > shield size, etc.) of interest in this 
study. The computer program is being rewritten at this time 
but this is a major undertaking which could not be completed 
in time to provide results for this study. Therefore, the 
results shown in Figure 9 were used for two purposes : 
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1. to determine the effects of the shield as noted 
previously, 

2. to check the approximate approach developed in 
section 3.0 of this report. 

For the purposes of this report, slotline will imply 
W/D <, 2, W/b <, • 1 whereas fin line implies 0 < W/b <_ 1. 

Slotline is therefore a substructure of fin line. 

3.0 Fin Line Wavelength 

In this section, we will consider an approximate method 
of evaluating the wavelength of dielectric loaded, zero 
thickness double ridged waveguide as depicted in Figure 1. We 
will refer to this structure as fin line, keeping in mind the 
physical differences between the fin line built by Meier [1] 
and the fin line shown in Figure 1. Electromagnetically , the 
characteristics of the two structures should be very nearly 
the same. Fin line will be analyzed using a substructure 
approach. 

% 

Section 2.4 discussed fin line and the dispersion 
characteristic as given by equation (7) . The view taken here 
is essentially the same; for small values of W/b, and f >> f c , 
the structure behaves as a ridged waveguide with effective 
dielectric constant determined by the slab of dielectric. 
Equivalently stated, the structure behaves as if filled with 
a homogeneous dielectric having "effective" dielectric contant 
less than the actual dielectric constant of the slab. Meier 
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determined the "effective" dielectric constant by measurement. 
This is a generally undesirable approach since extensive effort 
would be required to develop design curves for the many possible 
geometries and dielectric constants of interest. Here, we take 
the view that the effective dielectric constant (for W/b <_ • 1, 
W/D <, 2) can be determined from existing open boundary slotline 
design curves which may be obtained by the methods discussed in 
section 2.1. 

To substantiate this claim, the wavelength obtained by 
this method has been checked against data published by Meier [1] 
and against the theoretical curves for shielded slotline 
produced using Kuchler's program [8]. 

Figure 10 shows the effective dielectric constant, (X/X') 2 , 
of a slotline with e r = 2.2 plotted vs the normalized slot width 
W/D. The frequency range of interest here is 26.5-60 GHz and 
for a substrate thickness D = .005 inches, the corresponding 
range of D/X is .0112 <_ D/X <_ .0254. It can be seen from 
Figure 10 that the effective dielectric constant varies by less 
than 4% over this range of D/X. In all subsequent calculations 
therefore, the average given by the solid curve in Figure 10 has 
been used. 

Meier measured the wavelength of fin line constructed using 
a D = 10 mil substrate (e r = 2.2) , a K a band waveguide shield 
(a = .280 inches, b = .140 inches) and fin separation W/D =1.8 
(W = .018 inches). His experimentally determined value of 



